Abstract
Introduction
As the leading cause of death in adult Canadian men and women, cardiovascular disease (CVD) ranked first in 2008 for direct health costs. Those reached nearly C$12 billion in 2008 [1] . In 2013-2014, heart attacks and heart failure ranked third and fourth, respectively, among reasons for hospitalization. When measured in average length of hospital stay, heart failures ranked first, with 9.2 days, while heart attacks were third with 5.1 days [2] . A review of the evidence in the U.S., Australia and Canada concluded to a significant economic burden from CVD [3] . The economic burden of CVD has also been found to be large in the U.S. (at $457 billion, in 2004 US dollars) and in Europe (at $169 billion) [4] [5] .
There has been a steady and marked decline in CVD prevalence over the past decades, especially among the older population, and the largest gains in life expectancy at age 60 have come in part from the reduction in CVD mortality. In high-income countries such as the U.S. or Canada, lower CVD and diabetes prevalence has led to a gain of about 3 years in life expectancy for men and 4.3 years for women between 1980 and 2011 [6] . More recently, the policy focus has shifted towards ways to reduce the incidence of these diseases through primary and secondary prevention. While some studies have shown limited efficacy of multi-dimensional risk interventions [7] , others argue that new approaches show promise, in particular those focusing on major risk factors among the young [8] . Irrespective of the approaches or interventions chosen, the World Health Organization adopted in 2013 a target of reducing worldwide chronic disease (including CVD) mortality by 25% by 2025 [9] .
Most economic burden assessments of CVD use static approaches (i.e. they focus on one year). Instead, we use a dynamic microsimulation model, recognizing various pathways to CVD, disability and mortality, to project major categories of healthcare spending in Quebec to the year 2050. We assess how different scenarios of reduced CVD incidence or mortality, based on targets set by the World Health Organization for 2025, may affect the costs of hospitalizations and consultations with physicians. We simulate in great detail the evolution of the health status of each individual until death, through a series of dynamic transitions that accounts for social and demographic characteristics associated with CVD risks as well as the different links between the incidence, prevalence and mortality associated with several major disease groups. We provide long-term forecasts of healthcare use and costs at the population level based upon microlevel data from surveys and administrative sources.
Methods
We project the health of individuals aged 30 and over for the population of Canada from 2012 to 2050 using COMPAS, a health-oriented microsimulation model-whose code and full technical documentation are available in a public repository [10] -recently developed following a framework developed for the United States [11] . Although projections can be made for the entire Canadian population, we focus on the province of Quebec for which we were able to obtain administrative data on the cost of hospital stays and physician compensation. Healthcare funding is for the most part the responsibility of provincial governments in Canada, with some portion of the financing coming from the Federal government. We then build alternative scenarios regarding the future evolution of CVD, and compute for each scenario 1) healthcare cost savings for physician visits and short-term hospital stays; 2) increases in life expectancy and years of life saved; and 3) the monetary value of the flow of healthcare cost savings and life expectancy increases discounted over the projection period. For the latter exercise we use a real discount rate of 3% and a value of $200,000 per life-year saved [12] . In a second stage, we compute the probability that an individual will change his or her health status over the following two-year period. Developing a disease, being admitted into a long-term care facility, starting or quitting smoking, and dying are examples of changes in health status that are modelled jointly-i.e. transition probabilities differ for every combination of possible states for the health status variables. Econometric modelling is used to estimate the transition probabilities-or incidence-for each of the seven diseases considered in the model, as a function of age, major risk factors, other socio-demographic characteristics (gender, education attainment, immigrant status) and, in certain clinically plausible cases, the prior presence of other diseases in an individual. Complementary log-log models are applied to data from Statistics Canada's National Population Health Survey (1994-2011) to estimate these transition probabilities. Assumptions about whether the presence of some illnesses is allowed to affect the incidence of others are based on medical research and were validated by a panel of experts as part of the Future Elderly Model (FEM) initiative [13] . Information about these assumptions-as well as the data and all econometric models used-are provided in chapter 4 of the technical appendix (S1 File), as are details about the modelling of mortality as well as back-casting and validation of the transition models.
In a third stage, administrative data from Quebec's single-payer healthcare system and data from the National Population Health Survey are used to project care use and related costs for each individual. The survey's longitudinal sample includes 17,276 Canadians from all ages. Respondents were first interviewed in 1994-1995, and the same individuals were interviewed every two years until 2010-2011. Through econometric modelling described in the technical appendix (S1 File), mostly two-part models explaining whether use is positive and then the amount of use conditional on use, we estimate relationships between an individual's health status and personal characteristics and the type and quantity of medical resources used in the previous 12 months. Three medical resource categories are modelled for this article: the number of consultations with a generalist (e.g. family doctor, paediatrician or general practitioner); the number of consultations with a specialist; and the number of nights spent in a hospital (excluding long-term care facilities or convalescent homes). As found in other studies looking at the direct healthcare cost effect of CVD, these three sources may account for up to 80% of total direct cost; the remaining 20% is mainly due to drug spending, which is not available to us for this study [14] .
We estimate the cost of hospitalizations using MED-ECHO, a database that documents all hospital stays in every Quebec hospital that provides general and specialized care. Information includes the exact length of stay, the principal and secondary diagnoses that were made, the hospital service in which the individual stayed and the types of medical interventions received. All costs are estimated in constant 2012 Canadian dollars. For every year up to 2050, adeclining-"structural cost" growth factor is applied: 1.5% annually over the period from 2013 to 2018, 1% per year from 2018 to 2028, 0.5% from 2028 to 2038 and 0% thereafter. This factor reflects the fact that over recent decades, growth in spending has exceeded what could be accounted for by known factors such as aging.
Administrative data on consultation billing by general practitioners and medical specialists are used to estimate the costs of each consultation. Data indicates whether the consultation took place in a hospital setting. That allows us to include the costs of consultations with a physician taking place at the hospital in the cost of hospitalizations rather than including them separately in the cost of consultations with a physician. For each individual, we combine the information about all consultations to determine the annual number of consultations with a physician (generalists and specialists separately).
In the final stage, new cohorts of individuals enter the simulation in each period at the starting ages of 30 and 31. Stages 2,3 and 4 are then repeated for every 2-year period, and the last cohort is added in year 2050. The model is almost entirely based on population dynamics: it tracks individuals as they move from one two-year period to the next. In each simulation cycle, the population loses some individuals due to mortality (or because they reached the maximum allowed age of 110) and gains others. The model also incorporates recent trends in tobacco use, obesity and educational attainment, so that the simulated future population reflects secular changes in these variables-in general, we prolong past 10-year trends one decade into the future, subsequently cut them by half every decade, and set them to zero for 2040-2050 (see chapter 5 of the technical appendix (S1 File) for details). We also incorporate assumptions about how the Quebec population will change over time, as described in the technical appendix (S1 File)-e.g. with respect to immigration, size of entering cohorts, and exogenous improvements in overall mortality, which are all set to match Statistics Canada's most recent projections [15] . At any given time, the simulated population is representative of the Quebec population aged 30 and over.
Because of the randomness associated with these simulations, 50 replications of the projection process are performed for each of the scenarios with 100 sets of possible values for the parameters of the underlying econometric models (100 bootstrap samples are used to estimate transition model parameters). Hence, a total of 5,000 replications are performed, and the estimates obtained are averaged over those replications. We also report the 5 th and 95 th percentiles of those simulations.
Three scenarios
We construct three projection scenarios, which differ according to the assumptions made about the evolution of CVD among future cohorts of Quebec residents. Our first scenario establishes a baseline: we assume no medical improvements and no change in the behavior and lifestyle habits that could have an impact on the ways individuals transition into a new health status. In this scenario, the risks of developing a disease are thus constant over time for a given set of personal characteristics, including health status. Under the baseline scenario, which reflects the natural future evolution of all variables as computed by the model, COMPAS projects that in 2050 the Quebec population will reach 10.2 million. This projection stands between the medium-growth and the high-growth projection scenarios published by the Quebec statistical agency [16] . Life expectancy at ages 30 and 65 generated by COMPAS (54.8 and 21.7 years, respectively) is also very much in line with official projections [15] , as shown in Table 4 .6 of chapter 4 in the technical appendix (S1 File).
We build our alternative scenarios using the World Health Organization's target #1 for 2025 [9] . We model two different pathways to reaching the target, which includes a 25% reduction in CVD mortality by 2025. The two pathways explored both account for the interaction between CVD incidence and mortality at the individual level. Because COMPAS does not model cause of death, we interpret the target as a 25% decrease in the age-adjusted death rate of individuals suffering from CVD (i.e., the number of individuals with CVD dying in a given period as a share of total population). Furthermore, because Canada already has a relatively good standing in terms of CVD prevention and care, we apply the target for the whole population 30 years and older, instead of the 30-70 y.o. population. We do not model specific interventions which may reach those targets, but rather assess the overall benefits that could be obtained from reaching such targets.
In a first alternative scenario, we decrease the death rate of individuals suffering from the two CVD groups that most often lead to death: heart disease and stroke. We decrease the death rates to reach a total decrease of 25% between 2012 and 2024 (COMPAS has 2-year simulation cycles). We proceed by calibration to find the appropriate decrease in death rates required to achieve the target, leaving the incidence of the diseases otherwise unchanged. Because the baseline scenario already involves a 12.7% age-adjusted decrease over that period, a future downward trend consistent with some of the literature for England [17] , the additional decrease required in this "mortality-based scenario" is 16%-the sum exceeds 25% because of the cumulative effect of lowering mortality over time. This scenario can be construed as one of "treatment" on individuals already suffering from CVD, since no action is taken on the incidence of CVD. Such a decrease might be achieved, inter alia, through exercise rehabilitation for individuals suffering from coronary heart disease [18] .
We also consider a second scenario where reduced CVD incidence is the main pathway to lower death rates in 2025 for individuals with CVD-thus leaving mortality risk unchanged for those individuals who suffer from CVD. This scenario might be thought of as oriented more toward primary prevention-for instance through improved use of statins, as suggested by some studies [19] [20] . Even though in the case of coronary heart disease, some argue that the goal of preventing 90% of cases is now achievable [21] , we only seek to reach the WHO target, via a reduced incidence of heart disease, stroke and hypertension. In order to reach a 25% reduction in deaths by 2024, we calibrate as in the first scenario and find that a 28% decrease in incidence, applied progressively between 2012 and 2022, is required to meet the target in this "incidence-based" or "prevention" scenario.
Results
Projections from the baseline scenario yield an increase in the proportion of individuals suffering from CVD among those aged 30 and over. From 2012 to 2050, the prevalence of hypertension increases from less than 29% to almost 41%. The prevalence of heart disease also increases, from 7.6% in 2012 to more than 9.5% in 2050. The proportion of individuals projected to experience the effects of a stroke increases slightly but this result is not robust to model uncertainty as a significant number of runs result in a negative trend. The foregoing stands in contrast to the previous downward trends observed in Quebec and elsewhere, and is in part due to a composition effect associated with population aging and higher prevalence of chronic conditions among younger cohorts. We report our results about costs and life years saved in difference with respect to the baseline scenario.
Healthcare costs
We estimate and report healthcare use and related costs under each scenario. Figures are computed in 2012 constant Canadian dollars. Cost levels in 2012 are normalized to 100.
Hospitalizations account for the largest share of health spending related to CVD. Fig 1  shows projected trends in the costs of hospitalization, including the costs of consultations with a physician (generalist or specialist) within a hospital setting. A 25% reduction in CVD mortality achieved through decreased CVD incidence contains the growth in costs by nearly 9 percentage points over the period, from 97.8% under the baseline scenario to 89.1% (80.9; 97.1). In contrast, the growth in costs is greater in all periods under our mortality-based scenario, at 101% (92.7; 110.7), implying that this scenario will not generate hospitalization cost savings. This result is robust to model uncertainty, with 98% of parameter values used generating hospitalization cost increases. Fig 2 shows important increases in the flow of discounted future costs of consultations with physicians outside of a hospital setting-with a relationship between scenarios identical to the case of hospitalizations. Costs increase by nearly 104% by 2050 in the baseline scenario (97.1; 111.9), but the incidence-based scenario lowers the increase by almost 7 percentage points (-11.0; -4.0). The mortality-based scenario again here increases the costs of physician consultations by more than under the baseline in 2050 (106.5% [98.5; 116.1] instead of 103.9%). This scenario thus entails higher overall healthcare costs, which is expected because individuals with CVD remain alive for longer with their diseases. This, it should be noted, abstracts from the cost of any actual intervention that would bring about the changes modelled in the two scenarios, resulting only from the health and population dynamics in COMPAS.
The projected increases differ by physician category, with costs for visits to specialists increasing by 7 to 8 percentage points more in all scenarios (shown in the disaggregated data underlying Fig 2, available in our public repository [10] ), but the difference between scenarios is similar-i.e. costs for both categories of physicians react similarly to the two alternative scenarios. The cost differences with respect to the baseline are robust to model uncertainty for physicians, except for the cost of visits to specialists, which exhibits a positive value 73% of the time.
Life expectancy and years of life gained
Life expectancy is a crucial component of health improvements and is projected to increase over the projection period under all scenarios considered. Table 1 shows life expectancy at age The economic benefits of reducing cardiovascular disease mortality in Quebec, Canada 65, an age that is common to compute life expectancy and after which many-though not allgains in life expectancy may be expected to occur from lower CVD mortality. Under the baseline scenario, life expectancy goes from 20. Although the increase in life expectancy appears modest, the corresponding number of lifeyears saved at the population level is significant and large. As shown in Table 2 highlights the fact that disease reductions that operate through a decreased incidence-as opposed to decreased mortality for all those suffering from the disease-yield mortality results that take longer to materialize.
Monetary value of healthcare cost savings and of years of life saved
Using aggregate expenditure data on all hospitalizations and physician consultations for the Quebec population aged 30 and over, we can project future flows of healthcare cost savings achieved over the 2012-2050 period in our two alternative scenarios, with respect to the baseline (or, in one case, the additional healthcare costs, or negative savings). To do so, we apply to these aggregate figures the growth rates predicted by COMPAS for each year and for each of the three cost items considered (outpatient consultations with generalists and specialists are projected and adjusted separately, but reported jointly). These calculations, done using a 3% real discount rate, show that the present value of these health cost savings until 2050 amounts to C$13.1 billion (10.8; 15.7), in 2012 C$, under the incidence-based scenario (Table 3) . In contrast and as expected, the mortality-based scenario (Table 4) We can add to these cost savings the value associated with longevity extension, in monetary units to provide a common metric with healthcare cost savings. After computing the number of "years of life saved" aggregated for all of Quebec in each year, as reported above in Table 2 , we use a value of $200,000 for the statistical value of a life year, a figure often used in the literature [12] . We also use a real discount rate of 3% for this component. As shown in Tables 3 and  4 , we estimate the value of all the years of life saved from 2012 to 2050 to be C$38.2 billion (11.9; 65.0) or C$69.6 billion (41.2; 96.6), depending on the scenario-but in all cases far Notes: Confidence intervals at the 5 th and 95 th percentiles are shown in brackets. "CVD Mortality" refers to all-cause mortality for individuals with a self-reported diagnosis of heart disease or stroke in the previous 2-year cycle.
https://doi.org/10.1371/journal.pone.0190538.t002 Table 3 . Total discounted value of savings in 2012 for a reduction in CVD incidence to decrease mortality by 25% by 2025 "incidence-based" scenario (billions of 2012C$). Notes: 3% discount rate used. Each column shows the present discounted value for a given horizon (e.g. horizon 2020 refers to the present value of the flows from 2012 to 2020). Each life-year saved is valued at C$200,000. Confidence intervals at the 5 th and 95 th percentiles are shown in brackets for each line.
https://doi.org/10.1371/journal.pone.0190538.t003
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exceeding the value of healthcare costs savings, if any. These results are robust to model uncertainty, since 98% (in the incidence-based scenario) or 100% of our model replications (in the mortality-based one) yield positive benefits.
Discussion
Combined, the flows to 2050 of healthcare cost savings and of the value of years of life saved with standard assumptions under the mortality-based scenario, in which death rates of individuals suffering from CVD decrease directly, are worth over C$66 billion in 2012 dollars-a significant figure for Quebec, whose gross domestic product is under C$400 billion. This value stems only from the value of life years, however, since healthcare costs in major categories (hospitals and physicians) are projected to increase faster in this scenario than under the baseline, potentially making any intervention towards it a hard sell for the healthcare payer (in Quebec, the provincial government).
On the other hand, the incidence-based scenario yields more modest gains in life expectancy that take more time to materialize, leading to a lower value of this component of the benefits. The substantial flow of healthcare cost savings partly counterbalances this, such that the value of the benefits of the reduced CVD incidence still totals over C$51 billion in 2012 dollars.
Sensitivity analyses
Other than uncertainty in the estimates, we carried out two further sensitivity analyses in addition to our simulated scenarios and to the previously mentioned sources of uncertainty inherent to COMPAS. First, we model a combination of pathways to achieving the WHO target of a 25% reduction in CVD mortality by 2025. We varied from 0 to 1 the share of CVD mortality reduction by 2025 achieved through lower CVD incidence ("prevention"), as opposed to lower mortality among individuals suffering from CVD ("treatment")-always accounting for the dynamic relationship between CVD incidence and associated mortality. This creates combinations of our two main scenarios, which provides an illustration of how total benefits of target achievement vary-they do vary because benefit flows differ between the two main scenarios. Fig 3 illustrates the results, which provide an indication of the benefits of combinations of potential interventions to achieve the WHO target. Although a higher a proportion of reduced CVD mortality being achieved directly is associated with a larger discounted value, all average values stand inside the 90% confidence intervals of all other combinations, which is an indication that they may not actually differ much from one another. all-cause mortality for individuals with a self-reported diagnosis of heart disease or stroke in the previous 2-year cycle.
https://doi.org/10.1371/journal.pone.0190538.t004
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The discount rate used in computing the value of the future flows of healthcare costs and years of life has also been varied to test the sensitivity of our results: real discount rates of 1% and 5% were tested in addition to the baseline 3%. Because our outcomes of interest are measured over a long period, discounting can make an important difference, with a lower (higher) discount rate yielding larger (smaller) benefits-and this is the case here, given that an important share of the benefits in our scenarios occur in the future.
The value of life expectancy gains in the incidence-based scenario thus nearly doubles when using a 1% discount rate, to over C$65 billion. The mortality-based scenario yields a staggering C$115 billion in value for life-years saved. The same holds for healthcare costs, with the savings amplified to C$21.4 billion in the incidence scenario and the additional costs totaling C$5.7 billion in the mortality-based scenario. Mechanically, a 5% discount rate has the opposite effect; using a 5% rate cuts all values by approximately 1/3 relative to using a 3% rate. In all cases, regardless of the discount rate used, the incidence-based scenario generates significant savings in terms of healthcare costs and life years, while the mortality-based scenario yields additional healthcare costs (negative savings) but tremendous benefits in terms of years of life saved.
Strengths and limitations
COMPAS generates with great detail the probability of every individual going through a health transition based on his or her personal characteristics and at various stages in life. For each individual, interactions between CVD and other major diseases are accounted for in the model. Hence, estimates that include dynamic effects may differ from static estimates. However, it is unclear whether such estimates are lower or higher than static estimates because of two competing effects: since those with a condition may die earlier, the direct lifetime burden may be lower using a dynamic approach. On the other hand, the dynamic approach delivers feedback effects from preventing one disease to another, which may deliver larger lifetime The economic benefits of reducing cardiovascular disease mortality in Quebec, Canada effects. Our projections of healthcare use and related costs do present an important limitation: we do not account for direct effects on productivity and labor force participation. We also do not account for changes in drug spending since the administrative data we used did not allow to track medication consumption. Finally, the benefits associated with an improved life expectancy will likely keep accruing for years beyond our projection period. Hence, our estimates are probably a lower bound on the aggregate economic effect of a reduced CVD mortality.
Conclusions
Over the past 60 years, remarkable progress has been made in combating CVD in Canada. Mortality rates have declined in significant ways, and this is attributable to a combination of advances in risk factor reduction and CVD treatment and management [22] . Yet, heart disease and stroke remain the leading causes of death and hospitalization and the biggest driver of prescription drug use in Canada.
A greater understanding of healthcare use patterns and the related costs may help improve the targeting of patients, where a number of key management decisions may help contain costs. This study shows that without technological progress or changes in lifestyle habits, government spending for healthcare in Quebec will significantly increase. Between 2012 and 2050, the costs of consultations with physicians and the costs of hospitalizations are projected to increase by slightly more and slightly less than 100%, respectively, leaving aside inflation.
The scenario of a 28% reduction in CVD incidence by 2025, aimed at reducing ageadjusted death rates by 25% for those who suffer from CVD, could contain the pace of healthcare cost increases by nearly 9 percentage points for hospitalizations and over 6 percentage points for consultations with a physician. Combined, these savings would represent over C $1.1 billion in healthcare use for 2012, or 4% of the Quebec government's healthcare expenditures that year [23] . The mortality-based scenario, on the other hand, would entail higher healthcare costs.
Over the entire period to 2050, the flow of cost savings in the incidence-based scenario, perhaps more oriented toward primary prevention, is projected to amount to C$13.1 billion in 2012 dollars. The dollar value of years of life saved due to improved life expectancy with a reduction in CVD achieved through lower incidence could be worth an additional C$38.2 billion. This is less than the value of addressing CVD mortality directly which, despite the higher health costs that would result, could save years of life worth C$69.6 billion-in part because life expectancy would improve more quickly than under the incidence-based scenario. These estimates do not account for the direct costs of interventions that would have to be implemented to achieve this CVD reduction target. Nevertheless, even though our two scenarioseven the one generating monetary savings-would not solve Canada's healthcare financing challenges, potential savings are considerable; so much so that they certainly call for more prevention to reduce CVD, including efforts to tackle diabetes and hypercholesterolemia. They would also yield tremendous value for Quebec in terms of years of life saved at the population level, as well as of their value expressed in monetary units. 
Supporting information

